The large arteries at the base of the brain in the pig were studied in vitro for their responsiveness to neurogenic and humoral stimuli. Helical strips of these cerebral vessels tonically contracted consistently following application of resting force. The development and maintenance of this tone were not influenced by prior treatment of strips with tetrodotoxin (5 X 10~7 M), 6hydroxydopamine (300 /ig/ml) guanethidine (5 X 10~6 M), or antagonists of known vasoactive autacoids (i.e., phentolamine, propranolol, atropine). Once tone reached an equilibrated plateau, transmural nerve stimulation and exogenously applied norepinephrine evoked a relaxation. The relative potency of /8-adrenergic agonists in producing a relaxation was isoproterenol > norepinephrine > epinephrine » terbutaline. The response to norepinephrine, but not that to transmural nerve stimulation, was abolished by /}-adrenoceptor antagonists. The neurogenic response, but not the relaxation to exogenous catecholamines, was blocked by tetrodotoxin and 6-hydroxydopamine and diminished by guanethidine. Vasoactive intestinal polypeptide and adenosine were also potent relaxant agents. These responses, but not the response to transmural nerve stimulation were blocked by a-chymotrypsin (1.5 U/ml) and aminophylline (3 X 10~5 M), respectively. These results suggest that porcine cerebral vessels develop myogenic tone which allows one to examine neural and/or humoral dilator responses without prior spasmogen addition. The vascular /J-receptors appear to be of the /^-subtype which is consistent with that found in other species. The nature of the dilator neurotransmitter is unknown, but the functional integrity of the adrenergic nerve terminals appears important for the neurogenic relaxation. (Circ Res 51: 769-776, 1982) 
RELAXATION in response to stimulation of the transmural nerves is an interesting property of isolated cerebral vessels (Duckies et al., 1977; Lee et al., 1978; Root and Halpern, 1981) . Although it is not clear whether neurogenic or even humoral dilator stimuli alter cerebrovascular tone under normal physiological conditions (Heistad and Marcus, 1978) , these factors may be of importance during hypoxia, hypercapnia, and hypertension (Vasquez and Purves, 1977; Heistad et al., 1978a) . Conversely, it is conceivable that an altered ability of cerebral arteries to relax may be involved in the prolonged period of vasospasrh following subarachnoid hemorrhage (Duckies and Bevan, 1976) . Vasodilator responses can be studied only in the presence of active vascular tone typically achieved by prior spasmogen addition (Toda, 1974; Duckies et al., 1977; Edvinsson et al., 1978) . Comparison of these data is difficult since spasmogen potency varies among species (Toda, 1977) and vasodilator efficacy can be altered when vessels are contracted by different contractile agents (Khayyal et al., 1981) . Moreover, /?-adrenoceptor agonists appear to be more potent in relaxing intrinsically, compared to extrinsically, induced vascular tone in vitro . We have found that porcine cerebral arteries consistently develop a sustained, tonic contraction following application of resting force in vitro (Winquist and Bohr, 1980) . In addition, these vessels relaxed in response to both stimulation of the transmural nerves and exogenously applied norepinephrine. Therefore, this preparation provided the opportunity to examine neural and humoral dilator influences on cerebrovascular intrinsic tone. We were also interested in determining whether this preparation could aid in elucidating the nature of the heretofore unknown dilator neurotransmitter.
Methods
Helical strips (1 mm X 10 mm) of the basilar, anterior communicating, vertebral, posterior, and middle cerebral arteries were obtained from Yorkshire male pigs (30-80 kg). Whole brains were rapidly removed from laboratory animals overdosed with pentobarbital (50 mg/kg) or from animals processed at a local meat-packing facility. Arteries were quickly dissected free and placed in a physiological salt solution (PSS) of the following composition (in mil): NaCl, 130; KC1, 4.7; CaCl 2 -2H 2 O, 1.6; MgSO 4 -7H 2 O, 1.17; KH2PO4, 1.18; NaHCO 3 , 14.9; glucose, 5.5; CaNa 2 EDTA, 0.03, gassed with 95% O 2 /5% CO 2 at pH 7.2. The helical strips were prepared with the aid of a dissecting microscope using a fine (30-gauge) wire for cannulating the vessel prior to cutting the strips. The section of basilar artery proximal to the vertebral confluence was the principal segment utilized for these studies.
Vessel strips were suspended by fine threads in 50-ml glass tissue baths, one end secured to a plexiglass rod, the other end attached to a Grass force-displacement transducer (FT .03). Changes in isometric force were monitored on a Grass model 7 polygraph. Strips were stretched up to a resting force of between 0.75 and 1 gram which allowed for optimal values of developed, intrinsic tone (see Results). Prior to the start of experiments, strips were allowed to equilibrate at 37°C for 60-90 minutes with the PSS changed every 20 minutes. During this period, tissues tonically contracted to a plateau which was maintained for the duration of the experiment. The decline in developed, intrinsic tone in response to exogenously applied agonists was expressed as the percent maximal relaxation in force to exogenously added sodium nitrite (NaNC>2) or when tissues were washed in calcium-free PSS containing EGTA (1 ITIM).
Stimulation of the transmural nerves (TNS) was accomplished by delivering supramaximal voltage (approximately 10 V measured across the electrodes) from a Grass model S6 stimulator at 0.3-msec pulse duration. Fine platinum wires positioned on either side of the vessel strip served as electrodes. The decrease in force produced by each frequency was expressed as the percentage of maximal relaxation to either NaNC>2 or calcium-free PSS containing EGTA (1 ITIM). In some experiments, cerebral artery strips were acutely denervated with 6-hydroxydopamine (6-OHDA) according to the method of Aprigliano and Hermsmeyer (1976) . Strips were incubated in unaerated, bicarbonate-free PSS with 6-OHDA (300 /ig/ml) for 10 minutes. The pH of this solution was adjusted to pH 4.0 by adding glutathione (20 JUM). Strips then were allowed to recover in normal PSS for 2 hours before being subjected to TNS. The effects of tetrodotoxin and guanethidine on the neurogenic response were also examined in a few vessel preparations.
Drug solutions were prepared in deionized-distilled water and added to the 50-ml tissue baths in volumes not exceeding 100 /il. Concentrations are expressed as mol/liter (vasoactive intestinal polypeptide and indomethacin as g/ liter) final concentration in the tissue bath. The sources of the drugs were as follows: norepinephrine bitartrate (Levophed, Sterling Drug Inc.); terbutaline sulfate (Bricanyl, Astra); epinephrine hydrochloride (adrenaline chloride, Parke-Davis); isoproterenol hydrochloride, atropine sulfate (Elkins-Sinn); propranolol hydrochloride (Inderal, Ayerst); phentolamine mesylate (Regitine, Ciba); aminophylline, adenosine sulfate, indomethacin, tetrodotoxin, and vasoactive intestinal polypeptide (Sigma); a-chymotrypsin (1832 N.F. units/ng), 6-hydroxydopamine (2,4,5-trihydrox.yphe-nethylamine hydrobromide), and glutathione (Calbiochem); guanethidine (Eutensol, Ciba); sodium nitrate (Mallinckrodt). Cocaine was obtained from the University Hospital. Pharmacy, University of Michigan. Practolol (I.C.I.) and timolol (Merck) were generously supplied as gifts.
Statistical evaluation of the data was by the Student's ttest for paired and unpaired samples using geometric means of the ECso's when applicable. The 0.05 level of probability was regarded as significant.
Results
Isolated porcine cerebral artery strips exhibited a tonic contraction following application of resting force (Fig. 1) . The amount of developed tone for the differ- The tonic contraction develops gradually and is maintained for hours. Communicating, anterior, and posterior cerebral arteries also developed tone following stretch in vitro. ent vessels was basilar, 416 ± 39 mg (n = 48); posterior cerebral, 312 ± 45 mg (n = 14), anterior communicating, 383 ± 74 mg (n = 4); middle cerebral, 350 ± 45 mg (n = 6), and vertebral, 418 ± 44 mg (n =4). The time course of contraction was slow with some preparations requiring 40 minutes to reach a plateau. Strips would maintain this contraction for hours, although a few tissues experienced a transient drop in the level of tone following replacement of the PSS. Vessel strips developed and maintained tone following incubation with neurotoxins (6-OHDA, 300 \t%/ ml; tetrodotoxin, 5 X 10~7 M), guanethidine (5 X 10~6 M), or antagonists of known vasoactive autacoids (phentolamine, 10~6 M; propranolol, 10~5 M; atropine, 10~6 M; indomethacin, 5 jug/ml; a-chymotrypsin, 1.5 U/ml). However, tone was completely relaxed by the addition of sodium nitrite (5 X 10~2 M) and readily abolished when tissues were washed in calcium-free PSS containing EGTA (1 ITIM). Cerebral artery strips responded to either TNS or exogenously applied norepinephrine with a decrease in the level of tone ( Fig. 1-3) . The relaxant frequencyresponse curves of basilar, anterior communicating and posterior cerebral arteries are shown in Figure  2A ./There was an approximate 20% reduction in the level of developed tone at 1 Hz. Increasing the frequency of stimulation caused a progressive decrease in the level of tone with the maximal effect of TNS (approximately equivalent to an 80% relaxation) occurring at 16 Hz. The neurogenic relaxation was quantitatively similar in basilar, anterior communicating, and posterior cerebral arteries. The relaxation in response to TNS, but not that to exogenously applied norepinephrine (10~7 M), was inhibited by prior incubation of strips with tetrodotoxin (1 IX, 5 X 10~7 M; Fig. 2B ).
The relaxation dose-response curves to isoproterenol (ISO), norepinephrine (NE), epinephrine (E), and FIGURE 2. Part A: frequency-response curves of isolated porcine cerebral arteries. The ordinate is percent maximal relaxation in response to sodium nitrite (5 X 10~2 M) and the abscissa is the frequency of stimulation. Data points are mean ± SEM with the number of animals (one strip per animal) for each curve in parentheses. All vessels studied gave quantitatively similar responses. Part B: tracing of a porcine basilar artery relaxing to TNS (4 Hz) before, but not after treatment with tetrodotoxin (TTX, 5 X 2O~7 M). The vessel was still responsive to exogenously added norepinephrine. The amount of resting force is indicated by the addition ofNaNOz (5 X 10~2M).
terbutaline (T) of basilar artery strips are shown in X 10~8 M, E = 6 X 10 8 M, and T = 2 X 10 Cocaine (10~5 M) was included during all dose-response curves to block neuronal uptake. Phentolamine (10~6 M) was similarly added to negate any aadrenoceptor activity, since high doses of exogenously applied norepinephrine (5 X 10~7 to 10~6 M) occasionally elicited small contractions in strips pretreated with propranolol (10~6 M).
Since both TNS and /?-adrenoceptor agonists elicited relaxation in cerebral artery strips, we examined the effects of propranolol on these responses. Figure  4 depicts the typical relaxation response of an isolated basilar artery strip to both TNS (4 Hz, approximately an EF50) and NE (10~7 M, a near maximal dose). (3 X 10~6 M), the relaxation to NE was completely inhibited but the response to TNS was unaltered (Table 1) . Practolol (5 X 10" 7 M) and timolol (5 X 10~7 M) also blocked the relaxation to NE (10~7 M) but failed to inhibit the response to TNS (data not shown).
Only very high concentrations of propranolol (> 2 X 10~5 M) attenuated significantly the neurogenic relaxation.
The dilator response to NE and/or TNS was repeated in a few vessel preparations treated with cocaine, 6-OHDA, or guanethidine in order to further assess the possible involvement of adrenergic neurons. Figure 5A displays the effects of cocaine (10~5 M) on the NE-relaxant dose-response curve in basilar arteries. Although there was a small shift of the NE dose-response curve to the left in cocaine-treated tissues, there was no significant difference between the ECso's from the two curves. Strips pretreated with 6-OHDA (300 jug/ml) failed to respond to TNS (1-16 Hz, Table 1 and Fig. 5B ). However, these strips still relaxed to exogenously applied NE. Treatment of vessel strips with guanethidine (5 X 10~6 M) significantly inhibited the neurogenic relaxation without altering the relaxation to exogenously added NE (Table 1, Fig. 5C ).
Porcine cerebral vessels also relaxed to other vasodilators which have been suggested as possible dilator neurotransmitters for vascular smooth muscle. Vasoactive intestinal polypeptide (VIP) evoked a dosedependent relaxation which could be elicited repeatedly but was blocked by prior incubation of vessel strips with a-chymotrypsin (1.5 U/ml; Fig. 6B ). The 
Percent inhibition of agonist response" (NE, 10" 7 M) 100%* (n = 3) (NE, 10" 7 M)0 (77 =0) (NE, 10" 7 M) 7 ± 7% potentiation (n = 4) (Adenosine, 10" 6 M) 96* ± 3% (n = 3) (VIP, 10" 7 g/ml) 100%* (n = 4)
Values are expressed as means ± SEM; n = number of observations. * P < 0.05 compared to untreated tissues (unpaired samples).
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1 -6 relaxation to VIP was not appreciably affected by previous administration of indomethacin (5 /ig/ml). Neither a-chymotrypsin nor indomethacin attenuated the response of strips to TNS (Table 1 , Fig. 6B, 7) . Adenosine also evoked a concentration-dependent relaxation of vessel strips (Fig. 8A ). Prior treatment of strips with aminophylline (3 X 10~5 M) attenuated the adenosine-induced relaxation, but failed to inhibit the relaxation in response to TNS (Table 1, Fig. 8B ). The relaxation to TNS was similarly resistant to atropine (10~6 M, Table 1 , Fig. 7 ) which was included in our anlaysis, albeit tissues were relatively unresponsive or contracted slightly to acetylcholine (10~1 0 to 10~6 M, n=7). (9) of the neuronal uptake inhibitor cocaine. All tissues were treated with phentolamine (FTA, 10~e M) to minimize any ot-adrenoceptor effects. Data points are mean ± SEM with the number of observations in parentheses. The ordinate is the percent maximal relaxation to either NaNC>2 (5 X 10' 2 M) or calcium-free P5S; the abscissa is the log of the NE concentration. Panel B: tracing of a porcine basilar artery failing to respond to transmural nerve stimulation following
Discussion
The major arteries at the base of the brain are believed to be important effectors in regulating cerebral blood flow during changes in systemic blood pressure (Heistad et al., 1978b; Kontos et al., 1978; Mchedlishvili, 1980) . Neurogenic relaxation of these vessels has been observed in various isolated preparations (Duckies et al., 1977; Lee et al., 1978) , although the nature of the dilator transmitter remains obscure as the response persists in the presence of putative transmitter antagonists. Humoral dilation, especially /?-adrenoceptor-mediated relaxation, also appears operant in most species including man (Edvinsson, 1976) . Neurogenic and /?-agonist-induced dilations are often studied only subsequent to pharmacological blockade of concurrent constrictor responses. In adincubation with 6-hydroxydopamine (300 fig/ml ). The vessel still relaxed to exogenously applied NE. The addition of NaNOz indicates the level of resting force. Panel C: inhibition of the neurogenic relaxation (8 Hz) following treatment of a porcine basilar artery with guanethidine (5 X 10~6 M). After guanethidine treatment, the neurogenic relaxation was inhibited from 38% to 8% of the maximal relaxation to calcium-free buffer. The relaxation to NE (5.9 X W 1 M) was not altered (61% prior and 63% subsequent to guanethidine treatment).
FIGURE 6. Panel A: relaxation dose-response curve to vasoactive intestinal polypeptide in the presence (X) and absence (O) of indomethacin (5
100-| ixg/ml) in porcine basilar arteries. Indomethacin failed to attenuate appreciably the relaxation response evoked by VIP. The ordinate is the percent 2 maximal relaxation to either sodium nitrite (5 X 5 1O~2 M) or calcium-free PSS; the abscissa is the QJ log of the VIP concentration. Data points are _, mean ± SEM with the number of animals (one s strip per animal) in parentheses. Panel B: tracing « of porcine basilar artery which relaxes to both # TNS (8 Hz) and exogenously added VIP (10~7 g/ ml). After treatment of the strip with ct-chymotrypsin (1.5 U/ml), the response to VIP but not to TNS is inhibited. Washing tissues in calcium-free PSS (EGTA 1 mu) demonstrates level of resting force. dition, these studies typically require the prior incubation with a contractile agent. To date, only feline cerebral arteries have been reported to develop intrinsic tone in vitro (Lee et al., 1975; Harder et al., 1981) . However, this phenomenon does not appear to occur regularly (Edvinsson and Owman, 1974; Lee et al., 1975) .
We have found that porcine cerebral arteries relaxed to both TNS and exogenously applied catecholamines (Winquist and Bohr, 1980;  Fig. 1-3) . The relaxation responses were achieved without using a prior constricting stimulus, thus demonstrating that the vessel strips had tonically contracted following the application of resting force. Strips pretreated with tetrodotoxin (5 X 10" 7 M, Fig. 2B ), 6-OHDA (3 X 1CT 4 g/ml, Fig. 5B ), or guanethidine (5 X 1CT 6 M, Fig. 5C ) still displayed this contraction, demonstrating that the tone is myogenic in origin. Furthermore, the tone persisted in the presence of known humoral antagonists, implying that the developed tone is an intrinsic phenomenon. These findings, along with the apparent sensitivity to extracellular calcium (Fig. IB) , suggest that tone in the porcine cerebral arteries is similar to that recently characterized in a myogenically active rabbit vein (Winquist and Bevan, 1981a) .
Relaxation in response to TNS was quantitatively similar in all the vessels examined ( Fig. 2A) . Most arteries were maximally relaxed at a stimulation frequency of 16 Hz, with a 50% relaxation achieved at approximately 6 Hz. The TNS-mediated dilation was completely inhibited by prior incubation of strips with TTX (5 X 10~7 M, Fig. 2B ), thus suggesting that the response was indeed neurogenic. Cerebral vessels from the cat, which also exhibit a marked dilation in response to TNS (Lee et al., 1978) , contain a dense distribution of putative dilatory nerves (Lee, 1981) .
Porcine cerebral arteries relaxed dose-dependently to /?-adrenoceptor agonists, the relative potency being ISO > NE > EPI » T (Fig. 3) . This order of potency is characteristic of ySi-adrenoceptors (Lands et al., 1967) and is similar to that found in other cerebral vascular preparations (Edvinsson and Owman, 1974) . Relaxation in response to NE could be blocked by pretreatment of strips with propranolol ( Figure 4; pA2 8.0, data not shown) as demonstrated by Harder et al. (1981) for cat pial vessels.
The predominant /?-receptor-mediated response to exogenous catecholamines prompted us to assess if the neurogenic dilation was of adrenergic origin. However, concentrations of /?-adrenoceptor antagonists that blocked the relaxation to NE had little if any effect on the response to TNS (Table 1, Fig. 4 ). Only very high concentrations of propranolol (> 2 X 10~5 M) began to attenuate the neurogenic dilation. This effect of propranolol is most probably due to its local anesthetic effect (Hellenbrecht et al., 1973) . In addition, blockade of adrenergic neuronal uptake with cocaine failed to significantly potentiate the relaxant response to exogenously added NE (Fig. 5A) . The lack of an effect with propranolol and cocaine was somewhat surprising, since the response to TNS was abolished in cerebral vessels treated with 6-OHDA and inhibited following treatment of strips with guanethidine (Table 1, Fig. 5, B and C) . In vitro treatment of vessels with 6-OHDA has been advanced as a useful tool for producing pharmacological adrenergic denervation (Aprigliano and Hermsmeyer, 1976) , although we cannot rule out the possibility that 6-OHDA affected nonadrenergic neuronal structures in our preparations. The adrenergic neuronal blocking agent guanethidine has been utilized to determine the involvement of adrenergic transmission in the neurogenic relaxation of cerebral vessels (Lee et al., 1978; Duckies, 1979) . Therefore, our findings with 6-OHDA and guanethidine are consistent, and suggest that adrenergic nerve terminals are involved in the relaxation response to TNS. However, the small relaxation which persists after guanethidine (Table 1 ) may be indicative of a nonadrenergic component of the neurogenic relaxation. It has been suggested that nonadrenergic nerves are responsible for the small relaxation occasionally observed in response to TNS in rabbit cerebral arteries treated with guanethidine (Duckies et al., 1977) .
We examined other possible chemical mediators of the neurogenic response. VIP (Fig. 6 ) and adenosine (Fig. 8A ) dose-dependently relaxed isolated porcine cerebral arteries. However, the neurogenic dilation persisted following pretreatment of strips with doses of a-chymotrypsin (1.5 U/ml) and aminophylline (3 X 1CF 5 M) that blocked the relaxations to exogenously added VIP and adenosine, respectively (Table 1, Figs. 6B and 8B) . Apart from being advanced as a possible dilator neurotransmitter (Larsson et al., 1976; Heistad et al., 1980) , VIP has been reported to relax pial vessels via an indomethacin-sensitive mechanism (Wei et al., 1980) . We could not confirm this finding, as VIP was a potent relaxant of porcine cerebral vessels in the presence or absence of indomethacin (Fig. 6A) . Although our results with a-chymotrypsin imply that VIP is not the dilator substance, we cannot completely rule out the possibility that a narrow neuromuscular cleft precludes accessibility of the enzyme to the receptor sites. However, studies in other species Lee, 1981) have shown the neuromuscular cleft in cerebral vessels to be relatively wide in comparison to peripheral arteries.
There is biochemical evidence for the presence of cholinergic nerve terminals in cerebral arteries of the cat and rabbit (Florence and Bevan, 1979; Duckies, 1981) . Porcine cerebral vessels were typically unresponsive or exhibited small contractions to exogenously added acetylcholine (10~1 0 -10~6 M), and atropine (10~6 M) failed to appreciably attenuate the re- sponse to TNS (Table 1, Fig. 7) . The failure of acetylcholine to relax porcine cerebral vessels could be due to the inadvertent removal of vascular endothelial cells during the isolation process (Furchgott and Zawadzki, 1980) . However, the ionophore A23187 (3 X 10~7 to 10~6 M in the presence of propranolol, 10~6 M) relaxed the arterial strip preparations (data not shown), which suggests the presence of an intact endothelium (Furchgott, 1981) . Furthermore, isolated porcine cerebral vessels with an intact endothelial cell layer do not consistently relax to exogenously applied acetylcholine (Lee, personal communication) . Therefore, acetylcholine is not a likely candidate for the dilator transmitter, a similar conclusion to that reached by others for cat pial arteries (Lee, 1980; Duckies, 1981 ). Other putative transmitters tested (i.e., dopamine and histamine) produced little or no response on the isolated vessels. Of five basilar arteries tested with ATP, four contracted and one showed biphasic responses (initial contraction followed by a relaxation, data not shown). It is conceivable, and teleologically favorable, that neurogenic dilation of cerebral vessels from different species is mediated via an identical transmitter. Stud-ies attempting to elucidate the nature of this transmitter, including ours, have only resulted in ruling out likely candidates (Lee et al., 1978; Duckies, 1979; Lee, 1980) . However, neurogenic dilation in the pig, but not in the cat (Lee et al., 1978) , sheep, or dog (Duckies, 1979) , appears to be inhibited by adrenolytic treatment. These findings appeared consistent with the predominant relaxation in the pig (but constriction in the other species) cerebral vessels in response to exogenously applied NE but are difficult to reconcile with the observations that the neurogenic relaxation is not attenuated by /^-antagonists and that the NE relaxation response is not potentiated by blockade of neuronal uptake. Both propranolol and cocaine have been shown to alter significantly the sympathetic-neurogenic and NE relaxation responses in a myogenically active rabbit vein (Winquist and Bevan, 1981b) . Therefore, our present results may reflect the involvement of either adrenergic and nonadrenergic nerve terminals or multiple transmitters associated with the adrenergic nerve terminal in the relaxation to TNS in porcine cerebral vessels. This latter hypothesis has been proposed for the neurogenic constrictor response in rabbit cerebral vessels .
